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Capillary effects such as imbibition-drying cycles impact the me-
chanics of granular systems over time. A multiscale poromechan-
ics framework was applied to cement paste, that is the most com-
mon building material, experiencing broad humidity variations over
the lifetime of infrastructure. First, the liquid density distribution at
intermediate to high relative humidities is obtained using a lattice
gas density functional method together with a realistic nano-granular
model of cement hydrates. The calculated adsorption/desorption
isotherms and pore size distributions are discussed and compare
well to nitrogen and water experiments. The standard method for
pore size distribution determination from desorption data is evalu-
ated. Then, the integration of the Korteweg liquid stress field around
each cement hydrate particle provided the capillary forces at the
nanoscale. The cement mesoscale structure was relaxed under the
action of the capillary forces. Local irreversible deformations of the
cement nano-grains assembly were identified due to liquid-solid in-
teractions. The spatial correlations of the nonaffine displacements
extend to a few tens of nm. Finally, the Love-Weber method provided
the homogenized liquid stress at the micronscale. The homogeniza-
tion length coincided with the spatial correlation length of nonaffine
displacements. Our results on the solid response to capillary stress
field suggest that the micronscale texture is not affected by mild dry-
ing, while nanoscale irreversible deformations still occur. These re-
sults pave the way towards understanding capillary phenomena in-
duced stresses in heterogeneous porous media ranging from con-
struction materials, hydrogels to living systems.
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Over the life-time of cement paste, the degree of watersaturation can span a wide range: the initial reaction
and precipitation of cement hydrates happens when cement
powder is mixed with water to form the cement paste. Later,
during setting, remaining water (not used by the dissolution-
precipitation reaction) gradually evaporates from the pore
space (1) that is composed of gel pores (∼1-5 nm) and capillary
pores (5-50 nm). The set paste in construction environment
is then exposed to weather conditions that correspond to
different relative humidities. These changes in saturation
level of cement paste induce capillary stress and material
deformation, as demonstrated in drying shrinkage experiments
(2–4), which potentially contributes to the degradation and
failure of buildings and bridges.
Structural changes due to liquid intake/drainage in porous
media are known as “sorption induced deformation” (5). Irre-
versible deformations during drying shrinkage of cement paste
have been observed. Under mild drying conditions, small an-
gle neutron scattering (SANS) experiments (3) show plastic
rearrangements at very small length scales, but no significant
structural changes are detected at larger scales. However,
harsh drying conditions can lead to large strain irreversibility
at the macroscale(2, 4). It is also known that pressurization
of the pore fluid in liquid saturated rocks is an important
weakening mechanism that can lead to fracture (6).
Capillary condensation and induced mechanical strain in
materials consisting of simple pore structures (such as MCM-
type mesoporous silica and carbon nanotubes) have been
successfully described using independent pores of cylindri-
cal geometry(5, 7–9). However, the multi-scale pore structure
of a heterogeneous material such as cement paste invalidates
these theories mainly for 2 reasons. 1) The pores are con-
nected to form a complex percolating topology, which gives
rise to more complicated hysteretic behaviors in the sorption
isotherms and liquid distributions. 2) The liquid distribution
inside the pores renders a heterogeneous force boundary condi-
tion, which along with a highly heterogeneous solid structure,
challenges the applicability of classical continuum tools (10).
Thus to study the mechanics of undersaturated cement paste,
a multi-scale approach must be undertaken.
Homogenization methods play a central role in bridging dif-
ferent scales to understand how large scale properties emerge
from small scale interactions. When the material is heteroge-
neous and partially saturated, it is necessary to re-examine the
emergence of a continuum description. One important issue is
how to determine a proper physical homogenization scale(11).
For some cases of dense granular flows, the continuum postu-
late has been shown valid (11, 12). However, this has not been
tested for poromechanics in the presence of capillary forces.
In this paper, we first simulate the liquid distribution in
a heterogeneous mesoscale model of cement paste at partial
saturations, using lattice gas density functional theory (DFT).
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Fig.1 shows the mesoscale model of cement paste composed
of cement hydrates nano-grains (∼ 5 nm) interacting with
effective potentials from atomistic simulations(13–15). Our
simulated hysteric adsorption/desorption isotherms of water
and nitrogen compare well with experiments. Our subsequent
calculations reveal the nanoscale details of capillary forces, by
constructing the Korteweg stress tensor field and integrating
over Voronoi cells centered on cement hydrate nano-grains(16).
Using the capillary forces, we simulate structural relaxation
and a subsequent sorption cycle. Analysis of the statistics
of solid and liquid stress distributions point to the same ho-
mogenization length. We rationalize it as the length scale of
structural heterogeneity. To our knowledge this is the first
example examining the continuum postulate for unsaturated
porous media. Our results provide insights to drying/wetting
of cement paste.
Fig. 1. Multiscale cement paste model. Mesoscale structure of a realistic cement
paste model spanning a cubic simulation box of 0.4 µm. Gray spheres represent
nano-grains of cement hydrates of polydisperse diameters∼ 5 nm. The upper inset
illustration is a zoom-in of few cement hydrates showing the gel pores (1-5 nm) among
the closed-packed nano-grains. The molecular structure of cement hydrates in shown
in the lower inset (taken from Ref. (14)) - yellow and red sticks are silicon and oxygen
atoms in silica tetrahedra, the blue and white spheres are oxygen and hydrogen atoms
of water molecules, respectively; the green and gray spheres are inter and intra-layer
calcium ions, respectively. The effective pairwise interaction potentials of the nano-
grains have been upscaled from atomistic simulations ( (13, 17)). The mesoscale
cement paste model is based in out-of-equilibirum precipitation and aggregation of
cement hydrates ( (15), see SI Appendix). It reproduces realistically the mesoscale
structure and mechanics of cement paste including the complex morphology of
capillary (5-50 nm) and gel pores (18).
Sorption hysteresis and pore size distributions. To obtain the
liquid distributions in cement paste, we simulated the adsorp-
tion/desorption isotherms for two adsorbents nitrogen and
water in mesoscale configurations of cement hydrates using lat-
tice gas DFT (21, 22) described in the Materials and Methods
section. The sorption isotherms calculated for both adsorbents
are in good agreement with experimental data, as shown in
Fig.2a and b for nitrogen (77 K) and water (300 K) respectively.
The nitrogen adsorption/desorption isotherm displays only
minimal hysteresis in agreement to experimental observations
of Ref.(19). The mesoscale configuration of cement hydrates
used for the nitrogen and water lattice DFT simulation is called
“hardened” as it is obtained right after out-of-equilibrium pre-
cipitation of nano-grains (15) and has internal eigenstresses
(23) (see Methods and SI Appendix).
The water adsorption/desorption isotherm features a signif-
icant hysteresis. We focus our analysis to pure capillary effects
at RH >30% and the results compare well with experimental
data of Ref. (20). Under harsh drying conditions other chemo-
physical processes may take place and these are beyond our
scope (24, 25). Our approach allows us to explain the water
hysteresis loop from meta-stable ink-bottleneck states upon
desorption due to the pore constrictions in cement paste. This
contrasts with previous results based on equilibrium thermo-
dynamics for both adsorption and desorption branches and
pore connectivity assumption (25, 26).
To investigate the poromechanical effect of internal eigen-
stresses and water capillary forces, we simulated a second
cycle of adsorption/desorption 1) on the “aged” (the hardened
configuration relaxed to zero average eigenstress by means of
Molecular Dynamics (MD) simulation in the NPT ensemble)
and 2) on the “capillary aged” (the hardened configuration re-
laxed to zero average eigenstress by MD simulation in the NPT
ensemble under the action of capillary forces at RH = 31%
where capillary forces are the largest; see next sections). All
curves for the adsorption branch of water are superposable
(Fig.2b). The desorption branches differ between the hardened
and the two relaxed configurations, showing a densification
tendency altering pore constrictions, due to structural relax-
ation. We note that the distribution of pore sizes between
the hardened and relaxed configurations show no significant
differences (Fig.2d).
Pore size distribution (PSD) is an important piece of in-
formation in the characterization of porous media, which
experimentally is often derived from adsorption/desorption
isotherms (27–29), using Kelvin’s equation and surface ad-
sorption models(30–32). However, isolated and geometrically
idealized pore shapes such as cylinders or spheres are usually
assumed in these calculations. Another way to calculate PSD
is using Monte Carlo (MC) sampling of the pore space of sim-
ulated samples (as in this work) or experimentally-acquired
3d tomography images (33). To access the pore connectiv-
ity down to nanometer scale, techniques as nuclear magnetic
resonance (NMR) or X-ray tomography (see e.g. (29, 34))
are used. Here, we apply the MC algorithm to the mesoscale
cement paste models that have a realistic PSD in agreement
with experimental data (18).
The extracted PSDs are compared in Fig.2c and d for
nitrogen and water respectively. The MC results capture a
population of gel pores (∼ 2 nm) and large pores that extends
to ∼ 25 nm. The Kelvin equation results for nitrogen shows
similar features. However, for water the Kelvin equation results
feature bi-modal distributions with both peaks smaller than
5 nm, similar to the curves derived from experimental data
in Ref. (20). The lack of large pores derived from the Kelvin
equation using water sorption isotherm data is due to the
non-linear relationship between Kelvin radius and the relative
humidity RH, so that pores larger than 5 nm will correspond
to RH>95%. Our results indicate that the PSD derived
from nitrogen soprtion isotherms are consistent with the real
morphology of the pore space, while those derived from water
sorption isotherms lack the large capillary pores. However,
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such incomplete PSDs from water sorption experiments are
often reported in the literature.
Capillary Forces at nano-grains Level. Having the water dis-
tributions from the lattice gas DFT simulations, we proceed
to calculate the capillary forces on the nano-grains following
our previous work described in Ref. (16). At low water satu-
ration, capillary bridges between 2 or more nano-grains can
be described by Kelvin’s equation. This traditional method
requires increasing effort for more nano-grains (35, 36) and
fail when liquid clusters starts percolating. The advantage of
our method (16) is to enable us to calculate capillary stress
at arbitrary liquid saturation levels. We first construct the
Korteweg stress field (37, 38) based on the liquid density ρ
and its gradient ~∇ρ (see Materials and Methods). Then we
integrate the stresses over the surface of Voronoi cells of each
nano-grains to obtain the capillary forces.
Fig.3a shows the water capillary force per nano-grain dis-
tributions computed at different RH values. Qualitatively,
capillary forces increase in magnitude when RH decreases.
The forces at RH = 31% (the closing point of the hysteris
loop) exhibit a long-tailed distribution at the particle level,
with a mean value around 0.7 nN and the largest 5 % is above
1.8 nN (see Fig.3a). The maximum of |Fcap| (3 nN) is still
smaller than the magnitude of solid-solid particle interaction
forces (Fgrain ≈ 5-10 nN). Fig.3b shows the magnitude of the
capillary force on each particle of a thin section of the 3D
hardened cement paste.
Fig.3c and d depict the particles experiencing the largest
capillary forces at RH = 31% (magnitude and vector respec-
tively). The small gel pores are always filled until low RH,
while large capillary pores remain empty even at high RH,
thus creating largest capillary forces between the gel pores
(1∼5 nm) and the capillary pores (>5 nm). The overall capil-
lary effect at RH = 31% is densification of the solid texture
since the capillary forces enhance attractions between nano-
grains surrounding small capillary pores.
Irreversible Rearrangements due to Capillary Stresses. We
further investigate the relaxation of the solid structure with
eigenstresses (hardened sample) under wet conditions using
MD simulations with capillary and pairwise particle interac-
tions. We assume the capillary forces to be constant along
the MD trajectories. This assumption is proven to be valid as
capillary forces do not induce large particle displacements as
shown in Fig.4(a) where the distributions of particle displace-
ment magnitudes (δr = |∆~r/σ|, σ being the average particle
diameter) are displayed. Under the action of capillary forces
in all RH, only <0.1% of the particle population undergo
displacement comparable to their own size (i.e. few nm). This
is due to the fact that the magnitude of the capillary forces
are in general five times smaller than inter-particle cohesion.
As the RH value decreases, capillary forces increase, and the
peak of δr distribution shifts to larger values. At larger dis-
placements, the distributions at all RH exhibit an algebraic
decay with characteristic exponent equal to −2.5.
To investigate further the effect of capillarity in the struc-
tural relaxation of cement, we measure the drying induced
irreversible diplacements in the capillary aged sample taking
as reference the aged sample. This quantity is akin to what
in glass physics is coined nonaffine displacement, which in
our case is a result of capillary pressure. (See more details in
Materials and Methods.)
Fig.4(b) shows the distributions of nonaffine deformations
D2min that exhibit long range correlations with algebraic decay
with exponent of −1 at all RH. However, further analysis of
D2min by means of the spatial correlation function
CD2
min
(R) =
〈
D2min(r)D2min(r +R)
〉
−
〈
D2min(r)
〉2
〈D2min(r)2〉 − 〈D2min(r)〉2
[1]
shows an algebraic behavior of exponent α ∼ −1.2 ± 0.1 re-
stricted to short distances (R<35 nm, see Fig.4(c)) by contrast
to observations for dense colloidal glasses under shear defor-
mations (39, 40). We tentatively attribute this behavior to
the presence of capillary pores that localized these nonaffine
deformations at their vicinity.
We note that high RH values (>70%) result in a lower
potential energy (PE) of the system than the fully wet aging
condition (no capillary effects) after relaxation, as seen in
Fig.3(d). This range of RH values corresponds to capillary
forces of smaller amplitude (see Fig.2a). Capillary forces of
larger amplitude at RH <70% increase the PE.
Stress Homogenization. The capillary forces calculated on the
cement hydrate nano-grains show a heterogeneous distribution
Fig. 2. Isotherms and pore size distributions. Adsorption/desorption isotherms for (a) nitrogen (at 77 K) and (b) water (at 300 K) in cement paste . Symbols show the mass
ratio of wet over dry sample (Madsorbent/Mdry (blue squares and red dots for adsorption and desorption respectively) from experiments of Ref. (19) for (a) and Ref. (20) for
(b). Black lines show simulated isotherms on cement model configurations with realistic 3D pore network of water to cement ratio (w/c) 0.52. For water sorption (b) the degree
of saturation (DOS) estimated from the simulations is shown at the right y axis. (c) and (d) show pore size distributions calculated by Monte Carlo method on the three cement
model configuration, and from applying the Kelvin’s equation to the isotherms of nitrogen and water respectively. Y and X-axis values are normalized probability density and
pore radius respectively.
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Fig. 3. Distribution and visualization of capillary forces. (a) Distribution of capillary
forces |Fcap| at the particle level. (b) Color code shows the magnitude of Fcap on a
thin section of the sample at RH = 31%. The large forces are concentrated on the
surface of pores, as highlighted in (c) (d). The green segments in (c) and (d) compose
the pore-solid interface. In (c) only particles having Fcap > 1.0 nN are shown in the
same color code as (b), while (d) is showing only force vectors in light blue. Most of
these forces are pointing into the solid packing region, effectively densifying the gel
texture. The simulation box size is 400 nm.
Fig. 4. Structural relaxation and nonaffine displacements due to capillary forces.
(a) Distributions of particle displacement magnitudes |δr| = |∆~r/σ| (σ is average
particles diameter) at different RH ’s. (b) Distributions of nano-grains nonaffine
displacements D2min. The aged sample is the reference state. (c) Spatial correlation
function of D2min. Power-law fits are shown in dashed lines. (d) Potential energy
(PE) after structural relaxation simulated with and without capillary forces (aged and
capillary aged respectively) at different RH values. The initial PE of the hardened
paste before relaxation is also shown. For RH > 70% capillary stress assists the
relaxation process and lower the PE of the system. PE values are in reduced units.
(Fig.3(a)). We adopt the Love-Weber homogenization(41,
42) scheme to coarse-grain the nanometric capillary stress
distribution (see SI Appendix). For solid and capillary stresses,
we tested different homogenization scales (Fig.5) ranging from
10 nm to 100 nm in all the cement paste models considered
in this work. The distribution of solid stress in the hardened
sample shows a maximum at non zero pressure due to the
eigenstress acquired during setting. The distributions of solid
stresses in the aged and capillary aged samples are similar
in amplitude and width (see SI Appendix). The shape and
width of the capillary stress distribution at RH = 31% for the
hardened sample change with R (see Fig.S3 and skewness in
Fig.5g ). However, Fig.5 presenting the first four moments
of these distributions, indicates that a characteristic length
scale emerges around R0 ∼35 nm. Above this scale, the
first moments converge to the macroscopic mean, the second
moments monotonically decreases and the excess kurtosis is
negative or close to zero indicating shorter tails than the
normal distribution.
Beside the heterogeneity of the structure, it is interesting
to note that R0 is an order of magnitude smaller than the
simulation box size (∼ 400 nm) and it is also similar to the
correlation length of D2min in Fig.4(c). The emerging homog-
enization length common to both capillary stress and solid
stress, is rationalized as the scale of long range spatial correla-
tions inherent in the heterogeneous texture has been shown in
Ref. (18) via scattering data and chord length distributions.
Averaging over the entire simulation box results in the
overall capillary pressure at the micron level, as shown in
Fig.6(a). Cement paste, although a heterogeneous porous
medium, displays a hysteretic capillary pressure similar to that
found for simple geometry porous media (5, 9). Fig.6(b) shows
the homogenized capillary pressure calculated at R0=35 nm
at different RH during adsorption (upper row) and desorption
(lower row). In absolute value, the homogenized capillary stress
is larger upon desorption and it is more intense in densest
matrix regions.
Conclusion. In this work, we investigated the role of capillary
forces in the relaxation mechanism of a granular model of ce-
ment paste under partial saturation, from the nano-grain level
(5 nm) to the mesoscale (400 nm). We achieved agreement
with nitrogen and water sorption experiments, and assessed
the validity of the Kelvin equation in determining the PSD of
cement paste. We showed that nitrogen desorption data give
better PSD than water, compared with the PSD obtained from
3D stereological analysis. We also considered one more dry-
ing/wetting cycle showing structural densification but without
significant change of the PSDs.
The framework that we developed based on the liquid
distribution and stress field at the nano-grain level enables
us to show that the largest capillary forces are concentrated
at the interface between gel pores and larger capillary pores.
We found that the largest capillary forces are obtained at the
closure point of the hysteresis loop (RH=31%) and correspond
to menisci located at the interface between gel and capillary
pores. These forces induce local irreversible rearrangements
that have relatively short spatial length correlations due to
the presence of the capillary pores spanning the samples, and
hence do not exhibit the long-range character found in colloidal
glasses during inhomogeneous shear (39, 40). Under additional
mechanical loading and longer timescales, or with multiple
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Fig. 5. Homogenization length scales for solid and liquid stresses. (a-d) show the statistics of solid volumetric stress (Pvol) in hardened, aged and capillary aged samples. (e-f)
show the statistics of liquid pressure Pvol. Black lines denote the homogenization length R0=35 nm, common for all samples/stresses. The simulation boxes are∼ (400 nm)3.
Fig. 6. Homogenized stresses. (a) Hysteresis of average capillary pressure. Negative sign indicates shrinkage. (b) Hysteresis of homogenized capillary pressure displayed at
the meso-scale. Upper row for adsorption, lower row desorption. The simulation boxes are∼(400 nm)3. Homogenization scale R0 ∼35 nm.
drying/wetting cycles, we speculate that they may contribute
altogether to creep and fracture, similar to observations in
amorphous materials (43, 44) and fluid saturated rocks(6).
The results suggest a homogenization length scale com-
mon to both liquid and solid stress fields, correlated with the
scale of structural heterogeneities. Therefore this length sets
the representative volume element (RVE) size for upscaling
poromechanics, either using discrete or continuum descriptions
such as the LEM method(45).
In soft porous materials, capillary forces are comparable to
the solid cohesive forces and may induce large deformations,
such as drying of colloidal suspensions (46, 47). The framework
we proposed can be readily adopted in these materials.
Materials and Methods
Sorption Simulations and Stress Calculation. The sorption simula-
tions are based on the lattice gas density functional theory model (21,
22), by minimizing the grand potential: Ω = −wff
∑
<i,j>
ρiρj −
ywff
∑
i,j
ρiηj −µ
∑
i
ρi + kBT
∑
i
[ρi ln ρi + (1− ρi) ln(1− ρi)],
where ρi ∈ [0, 1] denotes the normalized density of fluid on site i,
continuously varying from 0 to 1, ηi = 0 or 1 indicating site i occu-
pied by solid or vacant, wff and wsf are the fluid-fluid interaction
and fluid-solid interaction energy, respectively. wff is determined
by the bulk critical point kBTc = −νwff/2, with ν the number
of nearest neighbors. wsf is imported from atomistic simulation
data as the isosteric heat of adsorption (i.e. the differential heat
of adsorption), in the limit of zero-coverage. For water and nitro-
gen adsorption in cement wff/wsf = 2.5 (24). To estimate the
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lattice spacing a, we estimate the surface tension which is energy
per area, γ ∼ wff/2a2. For nitrogen at T = 77 K, γ ∼8.94 mN/m
which gives a ∼0.345 nm. For water at T = 300 K, γ ∼72 mN/m
which gives a ∼0.24 nm. Based on the estimates we choose a fine
grid cell size of a = 3Å. Taking ρ = 2.5 g/mL for solid phase
density of cement hydrates, we convert degree of saturation mea-
sured from the simulations to total amount of absorbed liquid in
cement paste. The Korteweg stress tensor can be derived as (see SI
Appendix) σ =
(
p0(ρ)− a
2wff
2 (~∇ρ)2
)
I + a2wff ~∇ρ ⊗ ~∇ρ + σ0,
where I is the identity tensor and σ0 an arbitrary constant ten-
sor. p0(ρ) = µρ+
νwff
2 ρ
2 − kBT [ρ ln(ρ) + (1− ρ) ln(1− ρ)] is the
asymptotic bulk value of the hydrostatic pressure.
Simulations of structural relaxation. The initial mesoscale config-
uration of cement hydrates is the hardened configuration that
has an average eigenstress ∼ -50 MPa. Structural relaxation
MD simulations of the hardened sample were carried out using
LAMMPS(48) on NPT conditions of zero pressure and room tem-
perature. Capillary forces at different RH values were constantly
applied during the entire simulation. The hardened configura-
tion under the action of capillary forces at RH = 31%, where
the distribution of capillary forces has the longest tail is called
capillary aged. All simulations were terminated after 500000 MD
steps with time step δt = 0.0025 in reduced unit when the system
had converged. From the particle positions, nonaffine displace-
ments were computed. The nonaffine displacement is defined as
D2min = minF
∑
i
[
~ri − ~r0 − F · (~rrefi − ~rref0 )
]2, where i runs over
neighbors of the central particle indexed by 0 (49, 50). F corre-
sponds to the deformation gradient in continuum mechanics, and
D2min essentially captures the higher order deformations that are
usually not considered in linear theories. The reference configu-
ration for the nonaffine displacements was the aged configuration.
The aged configuration is final state of the hardened configuration
after relaxation to zero average eigenstress by MD simulation in the
same NPT conditions (zero pressure and room temperature) but
without capillary forces (only inter particle interactions).
1. Supplement Information Appendix
A. Mesoscale model of hardened cement paste. Ioannidou’s
et al. mesoscale C-S-H model (18, 23) was used to calculate
the water adsorption/desorption by DFT simulations. The
precipitation of C-S-H nano-grains and settings was simulated
using the approach recently proposed in Ref. (15). In this
approach, a free energy gain drives the precipitation of particles
of few nanometers (C-S-H nanoscale hydrates) which also
interact and aggregate. The simulations consisted of a Grand-
Canonical Monte Carlo (GCMC) scheme, where the chemical
potential corresponds to the free energy gain just mentioned,
coupled to a Molecular Dynamics (MD) scheme.
The effective interparticle forces between cement hydrates
depends on the concentration of calcium ions in the solution
and changes during the hydration (51, 52). In precious works,
the microstructure of C-S-H gels at early hydration stages was
investigated using attracto-repulsive potential arising from
ion-ion correlation forces (15, 23).
Differently from (15) here we consider only effective inter-
actions that would correspond to the hardened cement paste
and can be well modeled (18) with a short-range attractive
Mie potential
V (r) = α
[(
σ
r
)2γ
−
(
σ
r
)γ]
, [2]
where r is the inter-particle distance, α is the well depth (with
 the unit energy) between two particles with size diameter σ
and we have fixed the exponent to γ = 12. We have set α = 6
and the temperature to T = 0.15 (typically measured in units
/kBT ), while time is measured in usual MD units
√
mσ2/,
all in reduced units.
A GCMC cycle consists of NMC attempts of particle inser-
tion or deletion and it is followed by NMD = 100 MD steps.
R = NMC/(NMD · L3 · δt) where L = 390.36 nm is the length
of the simulation box and δt = 0.0025
√
mσ2/, is the rate of
hydrate production that mimics the chemistry of the system.
For the simulations reported here we use a chemical potential
µ = −1 (in reduced units) and a rate R = 25 · 10−9δt−1nm−3.
During hydration of cement, densification of C–S–H is het-
erogeneous and that this is the source of significant local
structural and mechanical heterogeneitieis in the final solid
material. For a more realistic structure, particle size polydis-
persity was introduced in the following way. Each particle
of a configuration containing 177975 particles was randomly
assigned a particle diameter in the range between 3.78 and 9.2
nm. To facilitate the computation the range of diameters was
discretized into 53 intervals. Then the simulation box size was
increased by (σmax+σmin)/2 to avoid particle overlapping and
energy minimization with the conjugate gradient algorithm
was applied. The mesoscale structure produced by the precip-
itation persists after the introduction of polydisperse particle
sizes. All MD and GCMC simulations have been performed
using LAMMPS (48).
The model cement paste has accumulated eigen-stresses due
to the out-of-equilibrium precipitation of nano-grains. This
configuration is named “hardened” cement paste. This particle
configurations was relaxed to a total pressure as close to zero
as possible, being less than 2 · 10−6 /σ3. Cycles of energy
minimization using conjugate gradient with and without box
size change were applied with energy tolerance 10−10. This
relaxed configuration is named “aged” cement paste. The
hardened sample relaxed with capillary forces calculated on
the hardened structure at RH = 31% where capillary effects
are larger, referred to as “capillary aged” sample.
B. Sorption simulation and capillary forces. We use the lat-
tice gas density functional theory (DFT) to simulate both
nitrogen and water adsorption/desorption isotherms in cement
paste. This approach was first developed by Kierlik et al
(21, 22) for adsorption/desorption of a non polar fluid in a
quenched random porous solid. Subsequently, it was applied
to Vycor(53), controlled porous silica glasses and aerogels
(54, 55), to infer qualitatively adsorption/desorption isotherms
through minimizing the grand potential:
Ω =− wff
∑
<i,j>
ρiρj − ywff
∑
i,j
ρiηj − µ
∑
i
ρi
+ kBT
∑
i
[ρi ln ρi + (1− ρi) ln(1− ρi)]
[3]
where ρi ∈ [0, 1] denotes the normalized density of fluid on site
i, continuously varying from 0 to 1, ηi = 0 or 1 indicating site
i occupied by solid or vacant. wff and wsf are the fluid-fluid
interaction and fluid-solid interaction, respectively. wff is only
a property of the fluid, determined by the bulk critical point
kBTc = −nwff/2, with n the number of nearest neighbors.
While wsf is imported from atomistic simulation data as
the isosteric heat of adsorption (i.e. the differential heat of
adsorption), in the limit of zero-coverage (for water adsorption
in cement see Figure 4 in (24), giving wff/wsf = 2.5. Same
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ratio is taken for nitrogen). The parameters wff and wsf are
in units of energy. To arrive at a characteristic length scale as
the lattice spacing a, we estimate the surface tension which is
energy per area:
γ ∼ wff2a2 [4]
for nitrogen at T = 77 K, γ ∼ 8.94mN/m which gives a ∼
0.345 nm; for water at T = 300 K, γ ∼ 72mN/m which gives
a ∼ 0.24 nm. Based on the estimates we choose a fine grid
cell size of a = 3Å. Taking ρ = 2.5 g/mL for solid phase
density of CSH, we convert degree of saturation measured
from the simulations to total amount of absorbed water in
cement paste.
For capillary force and drying shrinkage, we first simulate
one wetting-drying cycle of water sorption on the hardened
structure with eigen-stress that has not been released after
C-S-H precipitation. Then we take liquid distributions at
different relative humidities and calculate capillary forces on
the nano-particles according to the framework described in
reference (56). The continuum limit of the lattice gas model
is the Cahn-Hilliard model:
g(ρ) =
∫
V
dV
{
−n2wffρ
2 + a
2
2 wff (
~∇ρ)2 − µρ
}
+
∫
V
dV {kBT [ρ ln ρ+ (1− ρ) ln(1− ρ)]}
+
∫
∂V
d~S ·
(
wsfρ~nsf − a
2
2 wffρ
~∇ρ
) [5]
where ~nsf is the boundary normal vector at liquid-solid surface
denoted by ∂V , pointing from liquid outward into solid; a =
0.3 nm is the choice of lattice spacing, n=6 the number of
nearest neighbors. We can derive the Korteweg stress tensor
in this context. Thermodynamics shows that pressure is p =
µρ− f0(ρ) = ρf ′0 − f0 = 13 trσ for a homogeneous system of
free energy f0. At mechanical equilibrium, we generalize the
stress tensor for an inhomogeneous system, insisting that it
should satisfy:
− ~∇ · (σ0 − µρI) = ~∇(ρf ′0)− ρ~∇f ′0 = ~∇ · (f0I) = δf0
δρ
~∇ρ [6]
where the last equality essentially neglects all higher order
terms in the expansion of f0. Using Stokes’ theorem∫
f1 =
∫ (
~∇g1(ρ)
)2
=
∫
~∇ ·
(
g1(ρ)~∇g1(ρ)
)
− g1(ρ)~∇2g1(ρ)
=−
∫
g1(ρ)~∇2g1(ρ)
[7]
Now f(ρ, ~∇ρ) = f0 + f∗1 where f∗1 = −g1(ρ)~∇2g1(ρ) Because
of the identities
~u× (~∇× ~u) =12
~∇(~u · ~u)− ~u · ~∇~u
~u · ~∇~u =~∇ · (~u⊗ ~u)− ~u~∇ · ~u
~∇ (~u · ~u) =~∇ · (~u · ~uI)
[8]
and notice ~∇× ~∇g1(ρ) = 0 we then have
δf∗1
δρ
~∇ρ = −2~∇g1(ρ)~∇2g1(ρ)
=− 2
[
~∇ ·
(
~∇g1(ρ)⊗ ~∇g1(ρ)
)
− ~∇g1(ρ) · ~∇~∇g1(ρ)
]
=− 2~∇ ·
[
~∇g1(ρ)⊗ ~∇g1(ρ) + ~∇g1(ρ) · ~∇g1(ρ)I
]
[9]
Finally we arrive at the generalized inhomogeneous stress
tensor
σ =2~∇g1(ρ)⊗ ~∇g1(ρ) +
(
µρ− (~∇g1(ρ))2
)
I + σ0
=
(
p0(ρ)− a
2wff
2 (
~∇ρ)2
)
I + a2wff ~∇ρ⊗ ~∇ρ+ σ0
[10]
where σ0 is an arbitrary tensor constant and p0(ρ) = µρ +
νwff
2 ρ
2−kBT [ρ ln(ρ) + (1− ρ) ln(1− ρ)] the asymptotic bulk
value of the hydrostatic pressure. Integration of the stress ten-
sor over Voronoi cell faces of nano-grains produces a capillary
force vector associated with each nano-grain.
C. Relaxation with and without capillary forces. For each rel-
ative humidity (RH) value, molecular dynamics (MD) sim-
ulations were carried out using LAMMPS(48, 57) on the ce-
ment hydrate model, performing NPT relaxation at room
temperature and 0 ambient pressure. NVT relaxation are
also performed but not discussed here. Capillary forces were
constantly applied during the entire simulation. All simula-
tions were terminated after 500000 MD steps with timestep
δt = 0.0025 in Lennard-Jones unit when the system is already
converged and stable. We start from the configuration right af-
ter out-of-equilibrium dissolution-precipitation, referred to as
“hardened” sample, that has an overall eigenstress ∼ -50 MPa.
2) the hardened sample relaxed to 0 average eigen-stress, re-
ferred to as “aged” sample and 3) the hardened sample relaxed
with capillary forces calculated on the hardened structure at
RH = 31%.
D. Stress homogenization and deformation analysis. Under
the assumption of mechanical equilibrium, the Love-Weber
stress takes the same mathematical form as the Virial
stress(58):
σij =
1
V
∑
l∈∂V
F cap,li x
l
j [11]
where one sums over particles indexed by l on the boundary
∂V of the homogenization volume element V, which is a sphere
of radius R centered on each particle. xlj is the jth coordinate
of particle l, F cap,li the ith component of capillary force on
particle l Fig.7 (a)(b) show the displacement fields at RH =
31% and RH = 93%. Throughout this work all deformation
analysis were done with a cut-off radius equal 2 times of
average nano-particle radius. Homogeneous background is
always subtracted when calculating the strain fields. As RH
increases, the distribution of D2min slightly narrows so that
more particles experience very small non-affine deformations,
as shown in Fig.7(d). We show a cross section view of the
non-affine deformations at RH=31% and 93% in Fig.8.
The homogenized capillary stress field is calculated accord-
ing to Eqn.(1) in main text. A Love stress tensor is obtained
for each particle for a given sphere radius. The distribution
of liquid stress is shown in Fig.9 (d), together with the solid
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Fig. 7. Upper panels show a cross section colored by displacement magnitudes
|δr|. About 0.1% nano-particles (148 out of 177975) are displaced |δr| > 1. Lower
left panel shows the difference between histograms at higher RH values and the
one at RH = 31%. Lower right panel shows the histograms of D2min (see text for
definition) at various relative humidities and the differences with respect to the one
at RH = 31%. Cut-off radius is chosen as 2 times of average nano-particle radii,
about 3 ∼ 4% times of the nano-particles having D2min > 1.
Fig. 8. D2min (see text for definition) at various relative humidities shown on a
cross section of the mesoscale cement model. Cut-off radius is chosen as 2 times of
average nano-particle radii.
Fig. 9. The distributions of homogenized stresses for (a) solid volumetric stress in
hardened sample, (b) solid volumetric stress in aged sample, (c) solid volumetric
stress in capillary aged sample, and (d) liquid volumetric stress at RH=31%.
Fig. 10. The solid stresses for (a) aged and (b) capillary aged samples. (c) (d) show
the same solid stresses but homogenized at R=35 nm.
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stress PDFs (a-c). The solid stresses in aged and capillary
aged samples are contrasted in Fig.10(a)(b), together with
their homogenized version in (c)(d).
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